Abstract. The Japanese squirrel, Sciurus lis Temminck, is distributed on the Honshu, Shikoku, and Kyushu islands of Japan, although local extinction of this species has recently occurred in the southwestern part of Japan. To assess the impacts of environmental change on habitat availability for the Japanese squirrel, I studied spatial responses to habitat fragmentation. Suitable habitats were defined in accordance with previous work showing that the squirrels selectively use natural or secondary forests. Studies were conducted in a natural forest on Mt. Takao, western Tokyo, and in a neighboring forest fragmented by plantation development. Home range size, mean daily range size and mean daily movement distance were estimated by radio-tracking 16 female and 17 male squirrels. Home range size in both sexes and the daily range size in females increased as the percentage of suitable habitat declined. Japanese squirrels survived by expanding home ranges, even in fragmented forests including unsuitable vegetation types, as far as habitat mosaic was small.
Habitat fragmentation describes the subdivision of a continuous habitat into a mosaic of smaller pieces, resulting in the loss of the original habitat and increased isolation of habitat patches (Andrén 1994) . Theoretical models of habitat fragmentation focused primarily on habitat loss but ultimately included isolation effects as the proportion of suitable habitat in the landscape declined (With and Crist 1995) .
Direct evidence of the biological effects of habitat fragmentation has been derived from comparative studies of natural habitats (Rolstad and Wegge 1987; Matthysen et al. 1995; Redpath 1995; Oehler and Litvaitis 1996; Zanette et al. 2000) and by experimental model systems (EMS) (Ims et al. 1993; Diffendorfer et al. 1995; With and Crist 1995; Bowers et al. 1996; Mahan and Yahner 1999) . Some of these studies investigated population responses to fragmentation, while others observed individual behavior in the mosaic habitat. The use of space has become a widely applied metric for mobile animals because it can be quantitatively measured and directly reflects response to changes in the environment (Ims et al. 1993) . Spatial reactions to a habitat mosaic are classified in three patterns: (1) fission (gathering in a suitable patch), (2) fusion (decreasing home range size within a suitable habitat patch), and (3) expansion (increasing home range to include several suitable patches) (Ims et al. 1993 ). These differences may reflect the relative size of the habitat mosaic, individual home range size, and social structure within a population (Bowers et al. 1996; Johannesen and Ims 1996) , all of which could influence survival in fragmented habitats (Ims et al. 1993) .
The Japanese squirrel, Sciurus lis Temminck, is an endemic species distributed only on the Honshu, Shikoku, and Kyushu islands of Japan (Wilson and Reeder 1993) . The Japanese squirrel selectively uses natural forests, seldom uses plantation forests with single tree species, and does not use shrub fields or grasslands (Tamura 1998) . Recent extinction of populations on Kyushu and the western Honshu islands (Kawamichi 1997 ) may reflect rapid changes in forest conditions, such as the conversion of native forests and fragmentation due to road development (Yatake and Tamura 2001 ). In the current study, I assess the effects of forest mosaics on space use by the Japanese squirrel.
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Study sites
Field studies were conducted at two forested sites in western Tokyo, Honshu Island, Japan. One site (MT) on the mid-slope of Mt. Takao (elevation, 220-460 m) included 65 ha of continuous mountain forest, dominated by Quercus salicina, Abies firma, and Fagus japonica (Hayashi et al. 1966) . The second site (TFSG) is an experimental forest managed by the Forestry and Forest Products Research Institute (elevation, 170-265 m), located 1.6 km northeast of the MT study site. It includes 67 ha of mosaic forests with six vegetation types: (1) natural forest dominated by A. firma and Q. glauca, (2) secondary forest dominated by Q. glauca, and Q. serrata, (3) conifer plantations of Cryptomeria japonica and Chamaecyparis obtusa, (4) deciduous forest dominated by Q. serrata and Prunus jamasakura, (5) an arboretum, with diverse species and (6) shrub/ grasslands (Tamura 1998) .
Japanese squirrels in TFSG frequently used the natural and secondary forest patches, while they avoided the other four types (Tamura 1998) . Therefore, in this study, natural and secondary forests (vegetation types 1 & 2) were classified as suitable habitats. In the MT study site, 90% of the study area was covered by suitable habitat, while only 59% of the TFSG study site was considered suitable habitat (Fig. 1) . The mean unsuitable patch size was 0.66 ha (range 0.07-2.50 ha, SD = 0.71, n = 14) in MT and 1.23 ha (range 0.12-4.13 ha, SD = 1.20, n = 21) in TFSG. The mean distance across unsuitable patches was 142.9 m (range 33-273 m, SD = 65.2, n = 14) in MT and 187.6 m (range 47-433 m, SD = 117.6, n = 21) in TFSG.
Methods
To capture squirrels, 15 to 20 live-traps were set on tree branches 1-3 m from the ground. Traps were placed at 50-100 m intervals throughout the trapping areas, a 23 ha section in the center of the MT study site and a 38 ha section in the center of the TFSG study site. Walnuts with peanut butter were used as bait. Each trapped squirrel was weighed, and the sex, maturity and reproductive status were recorded. The length of the scrotum was measured to discriminate between mature (25 mm £) and immature (25 mm >) males. For females, size and shape of teats were used to determine reproductive history.
To estimate home range size, a collar with a radiotransmitter (50 MHz band, ZTS-7D, Nakane Studio, Kamakura, Japan) was placed on 7 males and 7 females in the MT (May 1995 to June 2000) and 10 males and 9 females in the TFSG (September 1991 to April 2001). All radio-collared squirrels were mature residents. Locations were obtained by triangulation methods using a receiver (FT-690 mk2, Yaesu) and a dipole receiving antenna (Nakane Studio). The distance between squirrels and the receiver ranged from 20 to 50 m. Location of each individual was recorded at 10-minute intervals from the time of leaving the nest in the morning to returning to the nest in the evening for a total of 5 days within a period of 50 days. Data for females during the 2 weeks following parturition were omitted from analysis, because females seldom leave the nest at that time. Home range size was calculated using the computer program Home Range, ver. 2 (Ackerman et al. 1990 ). Three statistics were used to compare space use among individuals. First, a home range size was estimated using a 100% minimum convex polygon including all locations obtained during the 5 tracking days. Second, the mean daily range size, or the mean value of the range size based on a 100% minimum convex polygon for each day was estimated. Finally, I calculated the mean daily movement distance as the mean value of the cumulative distance moved during a day.
Because data did not follow a normal distribution, values of the three statistics were compared between sexes and between study sites by Mann-Whitney U-tests. To assess seasonal differences in home range sizes, the year was divided into two seasons according to reproductive activities and tree leaf condition. Period 1 (NovemberApril) was the main reproductive season, and included mating, pregnancy, and lactation times. During this period, deciduous trees were leafless. Period 2 (MayOctober) was the post-reproductive season when young squirrels disperse from their natal home ranges. In Period 2, leaf cover was dense in deciduous forests. Six females and five males were radio-tracked in both periods and the seasonal differences were statistically analyzed by paired t-tests.
The percent of suitable habitat area was calculated for each individual following the methods of Selonen et al. (2001) 
Results

Sexual and seasonal differences in home range size
Home range size of males was significantly larger than that of females in both study sites (Mann-Whitney U-tests, U = 0, P = 0.002 in MT; U = 18, P = 0.03 in TFSG, Table 1 ). The mean daily range size of males was also significantly larger than that of females in both study sites (U = 0, P = 0.002 in MT; U = 10, P = 0.004 in TFSG, Table 1 ). The mean daily distance moved by males was greater than that by females in MT (U = 7, P = 0.025), but the difference was not significant in TFSG (U = 24, P = 0.086). Consequently, data analysis was restricted to same-sex comparisons.
Among six females radio-tracked in both periods, home range size, daily range size, and daily movement distance did not differ significantly (paired t-tests, t = 1.34, P = 0.23 in home range; t = 1.77, P = 0.13 in daily range size; t = 1.74, P = 0.14 in daily movement distance). Among five males radio-tracked in both periods, home range, daily range size, and daily movement distance did not differ significantly (paired t-test, t = 0.77, P = 0.48 in home range; t = 0.02, P = 0.99 in daily range size; t = 0.42, P = 0.70). Habitat availability and home range size Average home range size did not differ significantly between the two study sites for females (Mann-Whitney U-test, U = 26, P = 0.56, n = 16) or males (U = 26, P = 0.38, n = 17). The daily range size also did not differ between the sites for either females (U = 17, P = 0.12) or males (U = 28, P = 0.49). Finally, the daily movement distances did not differ between the sites for females (U = 25, P = 0.49) or males (U = 31, P = 0.70). Therefore, the following analyses were conducted for all individuals inhabiting in the two study sites.
For females the percentage of suitable habitat within individual home ranges ranged from 47.9 to 100%, while home range size ranged from 4.3 to 12.9 ha. There was a negative correlation between the log % suitable habitat and log home range area (Y = 1.96 -0.59*X, r = -0.49, n = 16, P = 0.05, Fig. 2a) . The daily range covered by females ranged from 1.5 to 4.9 ha, and there was a negative correlation between the log % suitable area and log daily range area (Y = 2.00-0.83*X, r = -0.71, P = 0.002, Fig. 2b) . However, the daily movement distances among females ranged from 755 to 1334 m, and there was no correlation between the 1/2 log % suitable habitat and the log daily moving distance (Y = 3.67-0.68*1/2X, r = -0.40, P = 0.12, Fig. 2c) .
Among males the percentage of suitable habitat within individual home ranges ranged from 23.2 to 96.9%, and home range area was between 5.6 to 40.3 ha. Individuals living where there was a higher percentage of suitable habitat tended to have relatively small home ranges (Y = 2.35-0.67*X, r = -0.48, n = 17, P = 0.05, Fig. 3a) . The daily range size was between 2.9 and 9.4 ha and was not correlated with suitable habitat area (Y = 1.25-0.29*X, r = -0.34, P = 0.18, Fig. 3b ). The daily movement distance for males ranged from 877 to 2071 m, and there was no correlation between the 1/2 log % suitable habitat and log daily moving distance (Y = 3.17-0.03*1/2X, r = -0.02, P = 0.93, Fig. 3c ).
Discussion
Factors affecting home range size Home range size of tree squirrels reflects population density and/or food availability (e.g. Don 1983; Kenward 1985; Wauters and Dhondt 1998; Wauters et al. 2001 ). Kenward's (2001) habitat dependence analysis (HDA) proposed that home range size should change with respect to habitat quality because animals cover a large enough area to meet their requirements. Home range sizes are expected to increase with decreasing availability of habitat.
In the present study, home range size of the Japanese squirrel reflected the percentage of natural forests within a home range, consistent with Kenward (2001) . Japanese squirrels use various plant species and insects as food throughout year (Kato 1985) , although walnuts are particularly important food item in autumn (Tamura and Shibasaki 1996; Tamura et al. 1999) . Squirrels often feed in the foliage of evergreen trees, but never on exposed branches. Natural forests including evergreen trees were important not only for acquiring foods but also for providing safe feeding and nesting sites.
Home range size can be affected by other factors such as food availability and population density. Food availability is likely to increase with the percentage of natural forest, but quantifying the diversity and volume of foods used by squirrels is difficult in the field. Population density also may increase with the percentage of natural forest in an area, thereby decreasing average home range size. As noted by Don (1983) , the connections among population density, food availability, and home range size are complex, and experimental analysis may be necessary to decipher causal relationships.
In my study the daily movement distance did not change with the percentage of natural forest available, suggesting that movement may be restricted by other factors such as energy expenditure and activity patterns. Further studies are necessary to clarify other factors affecting home range size and movement distance.
Scale of habitat fragmentation
The Japanese squirrel in the present study exhibited an "expansion" reaction to habitat fragmentation as classified by Ims et al. (1993) . Individuals increased home range size as the % of available habitat declined. Similar results were reported for owls (Hirons 1985) , capercaillie and voles (Ims et al. 1993) , and for flying squirrels (Selonen et al. 2001) .
However, in other species of tree squirrels living in fragmented habitats, home range size varied with habitat patch size. Individuals living in large patches had relatively large home ranges while those in small patches had small home ranges in Eurasian red squirrels and Fox squirrels (Wauters et al. 1994; Sheperd and Swihart 1995) . In these studies, habitat patches were much larger than the home range size of individual squirrels, and the distances between patches were sufficient to restrict movement. In the present study, on the other hand, unsuitable patch sizes were much smaller than an individual home range size, and the diameter of unsuitable patches was much shorter than daily movement distances (see Study Sites). Rolstad and Wegge (1987) emphasized the importance of grain size of habitat mosaics, and fragmentation effects were discriminated between a mosaic effect and an island effect based on the grain size. The present study appears to demonstrate the mosaic effect, while studies in the red squirrel and fox squirrel are examples of the island effect. In other words, the present case only involved habitat loss for the squirrels, while in the cases of the red squirrel and fox squirrel habitat fragmentation had isolation effects as described by Andrén (1994) .
The Japanese squirrels in this study expanded home ranges to meet their requirements even in fragmented forests with patches of unsuitable vegetation. However, they did not establish home ranges in areas with less than 23% and 48% suitable habitat for males and females, respectively. This observation raises the possibility of a threshold area percentage for suitable habitat. To understand the mechanism of local extinction in the Japanese squirrel, it will be necessary to ascertain whether individual differences in home range size affects individual survival and/or fitness.
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